Summary
Despite efforts in making cross-talk cancellation 51 systems more robust, one of their key limitations 52 is the fact that listener movements exceeding 75-53 100 mm away from the so-called sweet-spot may 54 completely destroy the desired spatial audio effect 55 [9, 10] . In order to obtain a cross-talk cancellation 56 system which allows for the listener to move freely, 57 some researchers have used systems including a 58 larger number of loudspeakers, commonly known as 59 loudspeaker arrays [11] . It has been shown that the 60 use of a loudspeaker array of more than two sources 61 can be more robust than a system with only two 62 loudspeakers, as it allows for a greater cross-talk 63 cancellation, is less sensitive to errors, and provides 64 better performance in reverberant environments [12] . 65 Example of loudspeaker array systems that have been 66 used for transaural reproduction include a circular 67 array surrounding the head of the listener [13] and 68 linear arrays with a source spacing that maximises the 69 cross-talk performance over a wide frequency range 70 [14] . Linear arrays of large number of loudspeakers 71 surrounding a TV have been also used to reproduce 72 22.2 multichannel sound [15] . Even though these 73 systems allow for a larger sweet-spot area they still do 74 not enable the listener to move freely over a wide area. 75 
76
With the aim to provide an improved sweet-77 spot-independent reproduction, other work has 78 incorporated listener tracking into audio reproduc-79 tion devices. This has been employed for example in 80 stereo reproduction systems [16, 17, 18, 19] making 81 localisation of panned virtual sources robust to 82 listener movements. Similarly, listener tracking has 83 also been employed in cross-talk cancellation audio 84 reproduction to increase the system robustness for 85 listening positions outside the sweet-spot.
This 86 method was applied to transaural systems with two 87 loudspeakers by Gardner [20] Figure 1 : Geometry of the loudspeaker array used to control the pressure at the listener's ears.
Cross-Talk Cancellation
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A diagrammatic representation of binaural reproduction over a loudspeaker array using cross-talk cancellation is introduced in Fig. 1 . The system comprises M control loudspeakers driven by signals
T , where ω = 2πf is the angular frequency of the signal to be reproduced and the subscript 1 to M represents the loudspeaker index. This produces a sound-field
T at left and right ears of the listener, which can be written as
where C is the matrix of plant transfer functions. Taking the geometry of Fig. 1 as reference for an array of M loudspeakers, assuming that each loudspeaker behaves as an ideal point source with omnidirectional radiation pattern and neglecting the acoustic diffraction caused by the listener's head (free-field model), the matrix of transfer functions between each loudspeaker and the two control points which represent the ears of a listener is written as
where ρ 0 is the air density, k = ω/c 0 is the wavenum-143 ber and c 0 is the speed of sound in the air. A positive 144 time convenience e jwt is used throughout this work. 145 As observed in the diagram in Fig. 1 , r L1 and r LM 146 are the distances between the left ear pressure control 147 point and loudspeaker 1 and M , respectively, and 148 r R1 and r RM are the distances between the right ear 149 pressure control point and loudspeaker 1 and M , 150 respectively.
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The binaural signals that are to be synthesised at the ears of the listener are defined by the elements of a complex vector
T . In order to reproduce those signals at each ear, the M ×2 filter matrix H containing the cross-talk cancellation filters is introduced so that v(jω) = H(jω)d(jω). The pressures at the ears are thus given by
For the case of a loudspeaker array, in which the number of loudspeakers is larger than the number of pressure control points, the matrix H can be obtained by In order to analyse the cross-talk cancellation performance of the loudspeaker array a metric known as the cross-talk cancellation spectrum is introduced. This is obtained by including the crosstalk matrix, R(jω), which is defined as
The ratios between the elements of this matrix define the cross-talk cancellation spectrum for each ear, which are defined as A method is proposed hereafter to perform such adaptation. The array driven by the filters H(jω) generates two sound beams that deliver the binaural signals to the listener's ears at a given, on-axis reference position. When the listener moves away from this position, these beams are electronically steered towards the new listener's position by applying a set of digital delays to the loudspeaker signals. These digital delays are represented by the steering matrix D(jω), which is a M ×M diagonal matrix. This process yields a new matrix of steered control filters, H S (jω), which is given by
The elements of matrix D(jω) corresponds to the complex weights of a far-field delay and sum beamformer [33] . Note that the beamformer is only used to steer the cross-talk cancelling beams, and it is not employed to perform any radiation pattern control. The matrix D(jω) is built as As it is shown below, this formulation enables the 184 listener to move in space along θ, following a circular 185 trajectory, but the filters do not compensate for head 186 rotation (the listener's head is always supposed to 187 be oriented towards the centre of the array) and for 188 variation of the distance between listener and array, 189 even though small listener's displacements along 190 the radial direction do not degrade the cross-talk 191 cancellation performance. The simulations were performed using the free-field 
• and 30
• show that the 254 cross-talk cancellation performance provided by the 255 "Inverse Filters" is still large, whilst that the other 256 two approaches obtain a much lower performance. 257 The cross-talk cancellation performance obtained 258 for the "Centred" approach is practically 0 dB, 259 showing some peaks at certain frequencies, whilst 260 the "Steered" method shows peaks of about 30 261 dB of cancellation at 15
• . Although this 262 represents a much lower figure than that obtained 263 with the "Inverse filters" it is shown below that the 264 filters created with both approaches, "Inverse filters" 265 and "Steered", behave very similarly in a practical 266 realisation of the system. The comparison between 267 left and right cross-talk of the "Steered" configura-268 tion (L and R in the figure) shows a difference in 269 performance when the array is steered, with maxi-270 mum deviations of about 15 dB at certain frequencies. 271
272
The frequency responses are reduced below 3 273 kHz due to the use of regularisation, which can be 274 compensated for by applying an equalisation filter to 275 flatten the response. As the listener is moved away 276 from the reference position, the difference between 277 the frequency responses of the "Inverse filters" 278 and the "Steered" approach increases, showing a 279 discrepancy proportional to the steering angle θ. 280 This variation is, however, small, with a maximum 281 difference of 5 dB at 20 kHz when the listener is at 282 the 30
• position, as shown in Fig. 4 .
284
The radiation patterns obtained with the loud-285 speaker array at different frequencies are shown in 286 Fig. 5 . These show that the radiation patterns of the 287 "Inverse filters" and the "Steered" control approach 288 are very similar. The "Inverse filters" can achieve 289 greater cross-talk cancellation at some frequencies, 290 which can be observed in the directivity plots for 291 1 kHz, 2 kHz, and 10 kHz. At other frequencies, 292 however, the radiation pattern of the "Steered" 293 • , with the average cross-talk cancellation 307 performance calculated when the position of the 308 listener presents a mismatch of ±5 cm. This method 309 has been previously used to assess the robustness of a 310 super-directional loudspeaker array [36, 35] and has 311 shown to provide a good estimate of the performance 312 in case of loudspeaker and control point position 313 mismatches. An average over 100 random position 314 was calculated, as shown in Fig. 6 .
316
In order to perform this analysis each transfer function Z between a source of the loudspeaker array and one of the listener's ears was formed by using the Green function of a point monopole source with a distance component modified to account for the mis- 
with r M = r(1 + aγ), r being the nominal distance 317 value from a given source to the given control point with a length of 512 coefficients are used. The left 360 and right filtered signal for each loudspeaker are then 361 combined and fed to a bank of variable digital delays 362 (one for each loudspeaker), which is used for steering 363 the binaural sound beams generated by the array 364 towards the listener when the latter moves.
366
The M steering delays are updated in real-time 367 depending on listener, which is provided by a Mi-368 crosoft Kinect sensor used to track the listener's 369 movement. After the steering delays, the signals are 370 fed to the M loudspeakers. The left and right input 371 channels can also be filtered by equalisation filters 372 to compensate for a given set of HRTFs or for the 373 frequency response of the loudspeakers. This system 374 has been implemented in MAX MSP 6 in a Windows 375 computer using the loudspeaker array shown in Fig. 376 9. difference between left and right ears can be observed.
401
The cross-talk cancellation response is shown in Fig-402 ures 10b, 10c and 10d. The measured radiation patterns generated by the 413 array at different frequencies for three steering angles 414 corresponding to 0
• , 15
• , are shown in Fig. 415 11. These present a similar pattern to those in the 416 simulations discussed in Section 3.1. At the low 417 frequencies, the cross-talk cancellation is achieved 418 by placing a notch in the direction of the contra-419 lateral ear of the listener. At the high frequencies, 420 where the array is very directional, the array beams 421 towards the ipsi-lateral ear. Clearly, the "Steered" 422 formulation is able to adapt the radiation pattern of 423 the array as the listener moves, maintaining a good 424 The above formulation was implemented in a fully-458 operational real-time system, using a loudspeaker 459 array of 16 sources and a Microsoft Kinect sensor 460 to allow a sweet-spot independent reproduction of 461 virtual acoustic images. The performance of the 462 system was measured for different listening positions, 463 showing a large cross-talk cancellation figure at each 464 of the measurement points. 
